INTRODUCTION
Quantum dots are a brand new class of fluorescent biolabeling reagents. These nanometer-sized semiconductor crystals can be attached to biomolecules and can be used in many existing immunostaining applications. Recent work has demonstrated the dramatic benefits of quantum dots, including long-term photostability, high brightness, multi-target labeling with several colors, and single-source excitation for all colors of quantum dots. New avenues of research are being enabled by using quantum dot conjugates in live cell analysis. Here the underlying technology is explained, with a description of the use of quantum dots in microscopy and the implications for fluorescence imaging methods.
A SHORT HISTORY
Victorian-era glass-melt recipes for red and orange colors contain, essentially, dilute concentrations of nanocrystallites (from zinc and cadmium sulfides and selenides). These nineteenth-century chemists created these nanocrystals spontaneously (and unknowingly) during the glass manufacturing process. These glasses were used to create colored windows. However, these richly hued progenitors lacked the fluorescence of the quantum dots currently used for biological applications. Modern quantum dot technology traces its origins, in part, to the mid-1970s quest for new answers to meet the worldwide energy crisis. Research in photoelectrochemistry (e.g., solar energy conversion) was tapping the semiconductor/liquid interface to exploit the advantageous surface areato-volume ratio of nanocrystal particles for energy generation. Seminal developments arose in the early 1980s from two laboratories, worlds apart: Dr. Louis Brus at Bell Laboratories, and Drs. Alexander Efros and A.I. Ekimov of the Yoffe Institute in St. Petersburg (then Leningrad) in the former Soviet Union. Two of the Bell Labs scientists-Dr. Moungi Bawendi and Dr. Paul Alivisatos-moved to MIT and UC Berkeley, respectively, and continued to investigate quantum dot optical properties. They and other researchers found ways to make the quantum dots water-soluble (5, 6) . This pioneering work paved the way for the current quantum dot conjugates.
QUANTUM DOT BIOCONJUGATES
Quantum dot bioconjugates are made from a nanometerscale crystal of semiconductor material, cadmium selenide, which has been coated with an additional semiconductor shell (ZnS) to improve the optical properties of the material. This core-shell material ( Figure 1A ) is further coated with a polymer shell ( Figure 1B) (9, 18, 20) or other ligands (1, 5, 6, 12, 13, 16, 19) that allows the materials to be conjugated to biological molecules and to retain their optical properties. We have extensively tested many of these water solubilization schemes and have found that the polymer shell approach used in the work described here is the most versatile and best performing method. This polymer shell can then be directly coupled to streptavidin or other biomolecules. The Qdot 605 Streptavidin Conjugate (18) is the size of a large macromolecule or protein (10-15 nm).
These quantum dot conjugates are used as a colloidal suspension, stable in many common buffers. The conjugates may be used in the same way as other labeled conjugates for in vitro uses such as tissue staining, cell surface staining, and intracellular staining (20) . As quantum dot conjugates are multivalent (i.e., more than one functional biomolecule is attached to a single quantum dot), they are typically used at saturating conditions to avoid cross-linking of antigens. 
Bi Imaging

OPTICAL PROPERTIES AND DETECTION
Quantum dots emit light in a similar manner as a bulk semiconductor light-emitting diode (LED). However, LEDs are electrically activated, whereas quantum dot bioconjugates are activated by the absorption of a photon of light ( Figure  2A ). This absorbed photon of light creates an electron-hole pair-this electron hole quickly recombines leading to emission of a lower-energy photon. In a given semiconductor material (e.g., CdSe), the energy of the emitted photon is determined by the size of the quantum confinement (or the size of the quantum dot). As the energy of the emitted photon determines the emission wavelength, this means that quantum dots just a few ångstroms different in size emit different wavelengths of light ( Figure 2B ). This quantum mechanical physics (2, 7, 8, 10, 14, 15, 17) can be simply summarized: smaller quantum dots emit blue light, and larger ones emit red light. Quantum dots may also be synthesized using different core semiconductor materials such as cadmium telluride, indium phosphide, or indium arsenide, and this changes the range of emission wavelengths; however, none of these materials has yet been shown to be a useful bioconjugate.
Stokes shift is the difference between the maximum absorbance and emission wavelengths of a dye. Typical fluorescent dyes have excitation and emission spectra with a relatively small Stokes shift, which means that the optimal excitation wavelength is close to the emission peak. Filter sets used with fluorescence dyes reflect this characteristic. Quantum dots have absorbance spectra that increase dramatically to the blue of the emission ( Figure 3 ). These unique spectral properties are due to the semiconductor that makes up the core of the quantum dot conjugates, which gives rise to both the absorbance and emission properties of the materials. In spite of the broad absorbance, the emission wavelength is independent of the excitation wavelength; so, whether exciting at 595 or 400 nm, the shape of the emission remains the same, while the intensity is approximately 5-fold higher with 400 nm excitation.
Qdot 605 Streptavidin Conjugates have an extinction coefficient of approximately 650 000 M -1 cm -1 at 600 nm, increasing to around 3 500 000 M -1 cm -1 at 400 nm, and even higher at shorter wavelengths (compared to fluorescein, which is around 80 000 M -1 cm -1 at its peak). In practice, this means that much more of the excitation light is absorbed than with organic dyes, leading to brighter signals. Alternatively, lower-power excitation can be used to reduce photo-induced effects on the sample being analyzed.
The width of the emission spectrum of a quantum dot solution can be very narrow (less than 27 nm full width at half maximum in commercial products). The emission spectrum is also symmetrical and does not exhibit the "red tails" associated with organic dye molecules, which have very asymmetric emission peaks that tail into the red. These narrow emission spectra allow many quantum dot colors to be analyzed simultaneously, with minimal overlap between spectrally adjacent colors. The width of the emission spectrum is caused by both the spectral width of single quantum dots and by slight size differences between the quantum dots in a given batch. The ultimate limit of the emission line width is around 15nm, which is the spectral emission width of a single quantum dot (10) .
The absorbance and excitation at shorter wavelengths, with fixed emission, result in a large "apparent Stokes shift." Quantum dots do not have a fixed value for Stokes shift because absorbance increases continuously with decreased wavelength. A large Stokes shift improves sensitivity by reducing autofluorescence (i.e., fluorescence generated by the biological sample itself; normally greatest at wavelengths close to the excitation wavelength). This large apparent Stokes shift reduces the demands on the optical system, allowing higher performing and less expensive instrumentation.
Quantum yield (i.e., the number of photons emitted divided by number of photons absorbed) is a critical property of any fluorescent conjugate. With a low quantum yield, the efficiency is very low, and so the signal intensity and sensitivity can be poor. The quantum yield of most organic dye molecules is reduced, sometimes to zero, upon conjugation to biomolecules. Commercial quantum dot conjugates have quantum yields up to 80% and are typically unaffected by attachment to biomolecules.
EPIFLUORESCENCE MICROSCOPY
Quantum dots can be used immediately in existing epifluorescence microscopes that are equipped with dye-optimized filter sets (Figure 4) . The broad absorbance spectrum of the quantum dot allows a unique possibility in lamp-based fluorescent microscopes. The integrated absorbance across a broader excitation band is substantially higher than any single wavelength value. Using a lamp with a short-pass filter allows highly efficient excitation of the quantum dots, as a much larger proportion of the lamp energy is utilized. To achieve the maximum signal from the Qdot 605 Streptavidin Conjugate, a custom excitation filter and dichroic mirror-ex E460SPUV, dichroic 475DCXRU (Chroma Technology, Brattleboro, VT, USA)-give enhanced signal (Figure 4) . The narrow emission spectra of quantum dots allow the use of narrower emission filters compared to dye filter sets. We use 20-nm bandpass filters, centered around the emission peaks of the quantum dots. The narrow bandpass filters reject more of the sample autofluorescence (increasing signal-to-noise ratio).
In an epifluorescence microscope, many colors of quantum dots can be detected simultaneously by eye using a fixed short-pass excitation filter and dichroic mirror, with a longpass emission filter-it is quite striking actually to visualize several quantum dot colors simultaneously without switching filter cubes. A simple automated multicolor system for quantum dot detection comprises a fixed short-pass excitation filter and dichroic mirror, and a CCD camera with a filter wheel. The emission filters in the wheel are selected to be centered around the quantum dot emission wavelengths. Figure 6 shows an example composite image using this approach.
The quantum dot emission is very photostable ( Figure 5 ). This makes the quantum dots very easy to use, as samples can be scanned without concerns of losing the fluorescence image. Quantitative analysis may also be simplified, as photobleaching effects are removed. High photostability also allows the use of long integration times, to improve sensitivity and signal-to-noise ratio. In our laboratory, we regularly leave slides on the microscope under continuous illumination, for easy demonstration. 
CONFOCAL MICROSCOPY
Quantum dot bioconjugates are ideal for confocal microscopy. The broad excitation allows the use of any of several commonly available lasers. For example, Qdot 605 conjugates are efficiently excited by 568-nm, 532-nm, 488-nm, 457-nm, 405-nm, and UV lasers. The 405-nm source is particularly desirable because it is a very inexpensive laser, and the quantum dots have very high absorbance at 405 nm. Several manufacturers have recently introduced lower-cost confocal microscopes that incorporate a 405-nm laser source. Quantum dots allow true multicolor confocal analysis, as all of the quantum dots can be excited by a single laser source. This removes issues such as accurate laser alignment or excitation chromatic effects. The high photostability exhibited by the quantum dots ( Figure 5 ) is especially valuable for confocal microscopy. When data are being gathered from one image plane, other image planes remain illuminated by the laser source. In the case of organic dyes, these out-of-plane images may be unintentionally photobleached, leading to inaccurate measurements. Out-of-plane quantum dots remain highly luminescent.
In confocal microscopes, a very high power density may be achieved through the use of a highly focused laser. Leaving photobleaching effects aside, the light emitted from an organic dye increases with increasing power density only up to the point of saturation of the dye, according to the "excited state lifetime" of the dye (i.e., the time between absorption of a photon and emission of a photon from the dye molecule). In the excited state, the organic dye is unable to absorb another photon. Therefore, saturation occurs at high power densities. The excited state lifetime of quantum dots is approximately 12 ns, compared to around 2 ns for an organic dye. Unexpectedly, however, we have not seen quantum dot saturation at expected power densities, an effect not yet fully understood. Blinking, where single quantum dots change from a "dark" to an "active" state, has been reported (10) and could be expected to reduce the signal from a quantum dot assay. This effect is strongly dependent on the quality of the synthesis of the quantum dots, in particular the thickness of the inorganic shell, and does not appear to be a problem with current commercial quantum dot conjugates.
Quantum dots have been reported to be efficiently excited in a dual-or multi-photon mode (4 aware of any literature results that describe the use of quantum dot conjugates in multi-photon microscopy. This promises to be a valuable course for further investigation.
EXAMPLES OF CELL AND TISSUE IMAGING WITH QUANTUM DOTS
Quantum dot conjugates have been used to detect the breast cancer marker Her2 on fixed cells, mouse mammary tumor sections, and on the surface of unfixed live cells (20) . The size of the quantum dots does not appear to have a significant effect: intracellular targets, including microtubules, actin filaments, nuclei, and mitochondria have been effectively labeled (20) (Figures 4, 5, and 6 ).
In live cell imaging, high-intensity and/or improperly chosen excitation wavelengths may affect the cell viability. Quantum dots can be excited using much lower power sources, and the excitation wavelength can be chosen so as to reduce any known photo-induced cellular changes. Quantum dots have been injected inside living Xenopus embryos (9) . The authors of this paper reported that they were able to inject single cells with quantum dots. By following the quantum dot fluorescence during embryo development, cell lineage could Bi Imaging be followed all the way to the tadpole stage.
Endocytic uptake of quantum dots by cells has been demonstrated (12) . In this study, the cells appeared unaffected by the presence of the quantum dots over a period of more than a week. Furthermore, the quantum dot fluorescence signal remained detectable throughout this period.
Quantum dots can be targeted to specific organs in vivo (1). Quantum dots conjugated to lung-targeting peptides were injected into mice and showed accumulation in the lungs. Quantum dots specific for blood vessels or lymphatic vessels in tumors were targeted in a similar manner. Several other applications have been reported (16, 19) .
THE FUTURE IS BRIGHT!
Quantum dots conjugates exhibit extremely desirable properties for biological imaging. Their photostability makes them easy to use and allows integration of signal to increase sensitivity. Many spectrally narrow quantum dot colors can be created to allow simultaneous analysis of many conjugates. Quantum dots can be excited by the same light source, simplifying instrumentation. Quantum yield and excitation cross sections are very high, giving very bright signals. The large difference between excitation and emission colors reduces autofluorescence and simplifies instrumentation. Immediate improvements can be realized using quantum dots in current immunostaining applications. In the future, quantum dot conjugates promise to open up new applications in live cell and whole organism imaging. As further colors and conjugates of quantum dots become widely used, we anticipate a plethora of additional applications.
